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We  report  the  observation  of  alternating  current-to-direct  current  half-wave  conversion  in  the  range 
of  1-1000  Hz  by  single- wall  carbon  nanotube  diode  rectifiers,  which  show  a  high  degree  of 
rectification  (~105).  The  nanoscale  diode  rectifier  demonstrates  a  half-wave  power  conversion 
efficiency  of  20%,  which  is  comparable  to  that  reported  for  larger  metal  oxide  semiconductor  field 
effect  transistor  diode  designs.  ©  2010  American  Institute  of  Physics,  [doi:  10. 1063/1. 3429587] 


Increasing  demand  for  low  power  consumption  and  con¬ 
tinued  miniaturization  of  electronic  device  components  in 
today’s  analog/digital  circuits  have  reduced  the  supply  volt¬ 
age  to  sub-1  V  levels.1  The  supply  voltage  to  integrated  cir¬ 
cuit  devices  are  provided  by  alternating  current  to  direct  cur¬ 
rent  (ac-dc)  converters,  which  convert  high  frequency  ac 
voltage  to  a  conditioned  dc  output  voltage  at  a  given  power 
level.  Low- voltage  ac-dc  converters  generally  consist  of  a 
diode  rectifier,  which  is  often  composed  of  several  diodes,  an 
inductor  and  capacitor.2-4  The  critical  feature  of  the  ac-dc 
diode  converter  is  its  high  rectification,  which  allows  large 
current  to  flow  only  in  one  direction  or  for  one  phase  of  the 
ac  input.  Carbon  nanotubes  (CNT)  have  emerged  as  a  viable 
material  for  ultralow  power  electronics,  with  possible  appli¬ 
cations  ranging  from  simple  interconnects  to  diodes  and  ac¬ 
tive  field  effect  transistors.5-14  In  this  letter,  we  demonstrate 
ac-dc  power  conversion  by  catalytically  chemical  vapor  de¬ 
posited  (CCVD)  single-wall  carbon  nanotubes  (SWCNT)  di¬ 
odes  in  multiple  arrays  of  switching  devices  fabricated  over  a 


15  X 15  mm2  Si/Si02  substrate  with  varying  channel 
lengths.  Utilizing  the  high  forward/reverse  current  ratio,  we 
observe  efficient  ac-dc  power  conversion  based  on  these 
SWCNT  devices. 

SWCNTs,  grown  under  CCVD  conditions15,16  on  a  100 
nm  thick  thermal  oxide  layer  of  a  highly  doped  (n-type)  Si 
substrate  were  used  in  this  experiment.  The  SWCNT  diodes, 
as  shown  in  the  scanning  electron  microscope  (SEM)  image 
in  Fig.  1(a),  were  fabricated  by  photolithographically  depos¬ 
iting  100  nm  layer  of  Au  on  a  10  nm  thick  Ti  to  serve  as 
electrodes  with  varying  source  (S)  and  drain  (D)  separation 
[Fig.  1(b)].  A  single  substrate  (chip)  with  an  approximate 
size  of  15  X  15  mm2  comfortably  housed  about  135  devices. 
These  include  four  different  channel  lengths  (gaps)  between 
the  electrodes  (S  and  D)  of  3  jam,  5  jam,  1  jam,  and 
10  jam,  respectively,  with  the  dimension  of  each  electrode 
pad  of  250  X  250  jam2.  Each  device  was  uniquely  labeled  by 
its  respective  channel  length,  row,  and  column  [Fig.  1(a)]. 
The  sample  was  annealed  at  200  °C  for  30  min  in  constant 


FIG.  1.  (Color)  (a)  SEM  image  of  3,  5, 
7,  and  10  pi n  gap  SWCNT-FET  de¬ 
vices.  The  eight  out  of  135  devices  on 
a  15  X  15  mm2  substrate  are  distinctly 
marked  and  have  the  following  coordi¬ 
nates.  Rows:  16th  and  17th;  Column: 
13th,  14th,  15th,  and  16th,  respec¬ 
tively.  (b)  Partial  representation  of  the 
device  assembly  showing  the  sche¬ 
matic  measurement  of  electrical  prop¬ 
erties.  (c)  Tapping  mode  AFM  images 
showing  SWCNTs  connecting  the 
electrodes  [source  (s)  and  drain  (d)]  of 
10  pm  gap  device  (i)  height  and  (ii) 
phase.  The  CCVD  grown  SWCNTs 
are  marked  by  arrows,  (d)  The  drain 
current  with  respect  to  applied  bias 
showing  high  /for//rev  ratio  of  the 
device. 
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FIG.  2.  (Color)  (a)  The  I-V  trace  of  a  7  jmm  gap  device  revealing  the  rectification  behavior  (7for//rev~  105).  The  upper  inset  is  the  partial  AFM  image  of  the 
device  showing  SWCNT  connecting  the  two  electrodes.  The  lower  right  inset  is  the  conductance  ( dl/dV )  plot  of  the  above  I-V  graph  which  shows 
significantly  high  conduction  at  the  positive  bias.  The  lower  left  inset  is  the  I-V  trace  of  a  blank  7  gm  gap  device,  (b)  The  corresponding  experimental 
ac-to-dc  half-wave  conversion  of  1  Hz  ac  inputs/dc  output  at  1  Y  (green  solid/dashed),  2  Y  (red  solid/dashed),  and  3  V  (blue  solid/dashed),  respectively. 


flow  of  nitrogen  to  eliminate  any  surface  oxygen  defects. 
SEM,  Hitachi  S-4700  and  atomic  force  microscope  (AFM: 
Veeco  CP-II)  instruments  were  used  to  locate  the  bridging 
CNTs  between  the  electrodes  under  ambient  conditions  and 
to  measure  the  channel  length  (gap  difference).  Figure  1(c) 
shows  the  noncontact  mode  AFM  (i)  height  and  (ii)  phase 
images  of  bundle  of  SWCNTs  connecting  a  10  jmm  gap  de¬ 
vice.  The  tubes,  as  indicated  by  the  arrows  in  Fig.  1(c),  are 
~2  nm  in  height  and  —50  nm  in  width,17  suggesting 
bundles  rather  than  isolated  tubes  consisting  of  multiple 
SWCNTs  aligned  parallel  to  each  other.  The  electrical  prop¬ 
erties  of  the  assembled  devices  were  probed  by  a  semicon¬ 
ductor  (SC)  analyzer  (Keithley-4200)  attached  to  a  four- 
probe  micromanipulated  cryogenic  system  (Janis).  Of  the 
135  fabricated  devices,  103  were  probed,  of  which  35%  were 
found  to  be  active.  Out  of  the  active  devices  61%  of  3  jmm 
gap,  28%  of  5  jiim  gap,  22%  of  7  jmm  gap,  and  26%  of 
10  jmm  gap  devices  were  found  active,  i.e.,  they  showed 
measurable  electrical  characteristics.  Of  the  active  devices, 
72%  showed  asymmetric  I-V  curves  and  rest  were  either 
metallic  or  showed  no  observable  electrical  activity  due  to 
lack  of  connecting  tubes.  Out  of  the  72%  asymmetric  de¬ 
vices,  the  magnitude  of  forward/reverse  current  (/for//rev)  ra¬ 
tio  ranged  between  103  and  105.  Figure  1(d)  shows  the  mea¬ 
sured  I-V  curve  for  the  10  jmm  gap  device  labeled  “10  17- 
lb,”  as  shown  in  the  SEM  image  of  Fig.  1(a).  A  significantly 
high  /for//rev  ratio  (— 105)  can  be  seen  in  the  measured  I-V 
curve. 

The  ac-to-dc  power  conversion  by  the  SWCNT  diodes 
was  explored  on  the  SC  analyzer  using  the  four-probe  micro¬ 
manipulator  to  make  contact  with  the  device  source/drain 
pads.  The  source  pad  of  the  device  was  wired  to  a  pulse 
generator  (Agilent  81110)  to  provide  an  ac  input  signal  of 
controlled  frequency,  amplitude,  and  waveform.  For  lower 
input  frequencies,  <  1  Hz,  the  drain  pad  of  the  SWCNT  de¬ 
vice  was  connected  to  the  SC  analyzer  for  measurement  of 
the  output  signal.  The  output  measurements  for  higher  input 
frequencies  were  performed  on  a  high  sampling  rate  oscillo¬ 
scope  (Agilent  54621 A,  1  Mil  input  resistance). 

Figure  2  shows  a  typical  I-V  curve  and  corresponding 
ac-dc  half-wave  power  conversion  of  1-3  V  at  1  Hz  of  a 
fabricated  SWCNT  device  obtained  from  a  two-probe  mea¬ 
surement.  The  I-V  curve  shown  is  for  a  7  jmm  channel  length 
device  (upper  inset:  tapping  mode  AFM  image).  The 
SWCNT  diodes  give  high  throughput  of  current  in  the  for¬ 
ward  bias  [Fig.  2(a)].  The  IfOT/IreY  ratio  at  +/-2  V  bias  is  on 
the  order  of  — 105.  The  high  IfOY/IYQY  ratio  is  also  evident  in 


the  lower  right  inset  of  conductance  (dl/dV)  plot,  which 
shows  a  significant  increase  in  conduction  with  positive  bias 
voltage. 

The  diodelike  property  of  the  as-grown  SWCNT  bundles 
most  probably  results  from  the  structural  defects  on  the 
SWCNT  walls  and  presence  of  tubes  with  mixed  chirality  in 
the  bundles.17  The  channel  length  or  the  number  of  nano¬ 
tubes  in  any  particular  channel  appears  to  have  little  or  no 
effect  on  the  rectification  behavior.  The  lower  left  inset  is  the 
I-V  curve  on  a  7  jmm  channel  length  control  device  with  no 
SWCNT  in  the  channel,  showing  no  current.  While  most  of 
the  devices  with  different  channel  lengths  showed  rectifica¬ 
tion  behavior,  the  dependence  of  rectification  on  the  SC 
properties  of  the  nanotube  channel  is  not  clear,  and  requires 
further  investigation. 

The  half-wave  power  conversion  of  a  1,  2,  and  3  V,  and 
1  Hz  ac  input  is  shown  in  Fig.  2(b).  It  can  be  seen  that  the 
negative  voltage  component  of  the  input  signal  is  nearly 
completely  rectified  and  only  the  positive  component  passes 
through  the  SWCNT-device.  With  the  3  V  ac  input,  for  ex¬ 
ample,  the  device  passes  20.1%  of  the  positive  ac-component 
and  only  2.5%  of  the  negative  ac.  Similar  half-wave  power 
conversion  characteristics  are  seen  over  input  frequencies 
ranging  from  1  to  1000  Hz  (Fig.  3).  For  practical  applica¬ 
tions,  the  efficiency  of  the  device  at  a  60  Hz  ac  input  signal 
is  important.  Half-wave  power  conversion  of  the  SWCNT- 
FET  rectifier  device  at  60  Hz,  under  multiple  ac  voltage 
loads,  is  shown  in  Fig.  4.  As  can  be  seen,  similar  to  the  1  Hz 
ac  input,  the  output  voltage  corresponding  to  the  positive  ac 
component  is  approximately  20%  of  the  input  voltage  mag¬ 
nitude,  compared  to  the  —2%  voltage  conversion  in  the 
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FIG.  3.  ac-dc  half-wave  power  conversion  characteristics  for  input  frequen¬ 
cies  ranging  from  1  to  1000  Hz.  The  reverse  voltage  is  negligible  compared 
to  the  forward  voltage. 
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FIG.  4.  (Color)  ac-dc  half-wave  power  conversion  of  the  SWCNT-FET 
device  at  60  Hz  with  ac  inputs/dc  output  at  1  V  (green  solid/dashed),  2  Y 
(red  solid/dashed),  and  3  V  (blue  solid/dashed),  respectively. 

negative  component,  which  correlates  to  the  rectification  be¬ 
havior  of  the  SWCNT. 

The  ac-dc  conversion  characteristics  of  this  device  re¬ 
main  relatively  unchanged  over  the  tested  range  of  1-200  Hz 
(Fig.  3).  However,  in  the  ac-input  frequency  range  of  200- 
1000  Hz,  a  distinct  drop  in  the  dc  output  voltage  was  seen. 
Since  the  input  frequencies  studied  here  were  too  low  to 
contribute  greatly  to  any  capacitive  or  inductive  effects,  it  is 
possible  that  the  altered  dc  outputs  are  possibly  the  result  of 
Joule  heating  at  the  SWCNT  junction.18,19  A  higher  fre¬ 
quency  at  3  V  ac  input  is  expected  to  further  elevate  the 
Joule  heating  effect  and  decrease  the  heat  dissipation  period, 
resulting  in  an  increased  diode  junction  resistance  and  low¬ 
ered  current  output,  as  observed. 

In  the  3  V  input  range,  the  half-wave  power  conversion 
efficiency  (PCE)  of  the  SWCNT  diode  is  directly  comparable 
to  the  20%-25%  PCE  reported  by  complimentary  metal  ox¬ 
ide  semiconductor  (CMOS)  and  metal  oxide  semiconductor 
field  effect  transistor  diodes.  To  overcome  this  low  effi¬ 
ciency,  current  CMOS  designs  employ  complex  integrated 
circuitry  and  active  elements  to  minimize  the  cross-diode 
voltage  drop,  allow  for  full- wave  conversion,  and  to  reduce 
substrate  leakage  to  realize  efficiencies  greater  than  90%. 21,22 
These  same  concepts  are  amenable  to  the  smaller  SWCNT 
diode  and  future  designs  can  be  engineered  to  maximize  PCE 
with  a  reduced  number  of  components  and  chip  size. 

In  summary,  ac-dc  half-wave  power  conversion  by 
SWCNT  diodes  with  minimum  components  on  the  device  is 
demonstrated.  Advantage  is  taken  of  the  nearly  five  orders  of 
magnitude  difference  in  the  magnitude  of  the  current  of  the 
diodes  between  the  forward  and  backward  biases.  The  mini¬ 
mum  number  of  components  in  the  demonstrated  rectifier 
combined  with  a  relatively  easy  device  fabrication  process 
makes  it  a  highly  attractive  technology  for  engineering  ac-dc 


power  converters  for  low-power  microelectronics  and  nano¬ 
electronics  devices. 
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